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Repression of Primordial Germ Cell Differentiation
Parallels Germ Line Stem Cell Maintenance
and the formation of the somatic niche [3–5, 7]. Here
we examine the genetic mechanisms that control PGCs
during the proliferative larval stages, to better under-
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To explore how PGC differentiation is inhibited in the
larval ovary, we tested whether any of the genes thatSummary
are needed for either GSC maintenance or differentiation
in the adult are likewise required in PGCs. Bag of mar-In Drosophila, primordial germ cells (PGCs) are set
bles (Bam) has been shown to be a critical differentiationaside from somatic cells and subsequently migrate
factor, because it is both necessary and sufficient tothrough the embryo and associate with somatic go-
induce adult GSCs to differentiate [8]. We thereforenadal cells to form the embryonic gonad [1]. During
tested whether overexpression of Bam in the larval ovarylarval stages, PGCs proliferate in the female gonad,
was sufficient to drive PGCs to differentiate and formand a subset of PGCs are selected at late larval stages
cysts. As a marker for cyst formation, we used an anti-to become germ line stem cells (GSCs), the source
body against an adducin-like molecule (1B1), whichof continuous egg production throughout adulthood
stains the fusome, a sub-cellular organelle that is spheri-[2–5]. However, the degree of similarity between PGCs
cal in PGCs and GSCs but extends and branches as theand the self-renewing GSCs is unclear. Here we show
single germ cell forms a multicellular cyst [9]. We heat-that many of the genes that are required for GSC main-
shocked larvae carrying the bam gene under control oftenance in adults are also required to prevent preco-
a heat-shock promoter (hs-bam) at various time pointscious differentiation of PGCs within the larval ovary.
during larval development and examined their gonadsWe show that following overexpression of the GSC-
one or two days later. Control wild-type gonads at thedifferentiation gene bag of marbles (bam), PGCs differ-
larval/pupal transition (LL3, for staging of larvae seeentiate to form cysts without becoming GSCs. Further-
Experimental Procedures) exhibited either single PGCsmore, PGCs that are mutant for nanos (nos), pumilio
carrying a spherical fusome (Figure 1A, arrowhead) or(pum) or for signaling components of the decapen-
2-cell cysts, which shared a bar-like fusome (Figure 1A,taplegic (dpp) pathway also differentiate. The similarity
arrow). The latter could be PGCs undergoing division,in the genes necessary for GSC maintenance and the
prior to full dissociation, or PGCs that initiated differenti-repression of PGC differentiation suggest that PGCs
ation at the larval/pupal transition. On the other hand,and GSCs may be functionally equivalent and that the
in hs-bam gonads, PGCs differentiated, as shown by thelarval gonad functions as a “PGC niche”.
many cysts with branched fusome (Figures 1B, and 1C,
arrowheads). Differentiation in hs-bam ovaries depended
Results and Discussion on the time of heat-shock. No cysts were observed in
ovaries derived from larvae that were heat-shocked at
The embryonic gonad in Drosophila forms when somatic the end of embryogenesis (N  30). Heat-shocking at
gonadal cells encapsulate about 12 primordial germ the end of the first-larval instar (LL1, Figure 1B) led to
cells (PGCs) on each side of the embryo [6]. PGCs prolif- a high fraction (75%, N  15) of gonads that carried
erate in the female gonad during the subsequent three many cysts, whereas heat-shocking at the end of the
larval stages until, at the late-third larval stage, the go- second-larval instar (LL2, Figure 1C) led to differentia-
nad carries over 100 germ cells [4, 5]. At the larval/ tion of all PGCs in all gonads tested (N  20). Thus,
pupal transition, PGCs at the posterior of the gonad PGCs are able to differentiate prior to the larval/pupal
differentiate. Similar to differentiating germ line stem transition. The time-dependent response to hs-bam
cells (GSC), differentiating PGCs undergo several could indicate either that PGCs are more capable of
rounds of incomplete mitotic divisions to form cysts and differentiation as the animal matures or that transcrip-
subsequently egg chambers with one oocyte and 15 tion from the hs promoter may be more active in the
nurse cells [5]. Differentiation of posterior PGCs at the later larval stages. In support of the latter hypothesis,
larval/pupal transition was attributed to the hormonal PGCs are transcriptionally quiescent during early em-
changes that control pupa formation [5]. At the anterior bryogenesis and acquire transcriptional competence as
part of the gonad, the newly formed somatic niche pre- they start to migrate [10, 11]. Indeed, the quantity of
vents the differentiation of PGCs and these are main- bam transcript seems limiting because a less rigorous
tained as self-renewing GSCs throughout adult life [3–5]. heat-shock regime (see Experimental Procedures) in-
It has therefore been proposed that the transition from duces fewer cysts (data not shown). Furthermore, with
PGCs to GSCs coincides with the larval/pupal transition a different expression system, PGCs could be induced
to differentiate as early as the end of embryogenesis
(see below). In support of the notion that differentiating*Correspondence: lehmann@saturn.med.nyu.edu
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Figure 1. Dpp Is Required to Repress PGC
Differentiation
Larval gonads were stained with 1B1 (red) to
mark somatic cell cortices and fusomes and
with (A–D) anti-Vasa (green) to mark the germ
line, (E) anti-Orb to mark the oocyte (green),
or (F) anti-p-Mad (green) to indicate Dpp sig-
naling. All larval gonads are depicted with the
anterior at top. (A) LL3 wild-type gonads ex-
hibited mainly spherical fusomes (arrowhead)
or bar-shaped fusomes (arrow). (B and C) lar-
vae carrying an hs-bam transgene were heat-
shocked at LL1 (B) or LL2 (C) and the gonads
were dissected at ML3. Gonads heat-
shocked at LL1 exhibited less differentiation
than those heat-shocked at LL2, as revealed
by fewer and less branched cysts (arrow-
heads) of the former. (D and E) in larvae of
the genotype UAS-dad;nos-Gal4, extensive
cysts could be seen at ML3 (D), oocyte deter-
mination is evident by localization of Orb to
one cell of the cyst at LL3 (E, arrowheads).
(F) All nuclei of wild-type PGCs at ML3 go-
nads were stained for pMad. The scale bar
in (A) represents 20 m for (A and E). The
scale Bar in B represents 20 m for (B–D
and F).
PGCs follow the normal differentiation program, we levels of nuclear pMAD [17, 18]. Thus, the larval ovary
may function in a similar manner to the adult niche infound that the time course of mitotic divisions in cysts
that were precociously induced at LL2 was similar to the prevention of PGCs from differentiation.
that observed in cysts during normal development in
either the pupal or the adult ovary [5].
Our results suggest that all PGCs in the larval ovary Nos and Pum May Function Together
in Repressing PGC and GSC Differentiationare capable of differentiating following overexpression
of Bam. We therefore tested whether active repression GSC differentiation is repressed by extrinsic factors,
such as Dpp, and also by intrinsic factors. To furtheris required to keep PGCs in a proliferative state. In adult
GSCs, the Decapentaplegic (Dpp) pathway plays a major test whether PGCs employ the same mechanisms as
GSCs to repress differentiation, we examined larval ova-role in GSC maintenance. Dpp is produced by niche
cells and is perceived directly by GSCs [12, 13]. Dpp ries that are mutant for the translational repressors
Nanos (Nos) and Pumilio (Pum), which function withinsignaling activates the downstream components Moth-
ers against dpp (Mad) and Medea (Med), which directly GSCs to repress their differentiation [7, 19, 20]. Indeed,
nos mutant LL3 gonads contained many developedbind to the bam promoter and repress the transcription
of bam [14, 15]. In the larval gonad, overexpression of cysts, as also recently reported by Wang and Lin (Figure
2A) [7]. pumilio (pum) mutant gonads also containedDpp induces overproliferation of PGCs, suggesting that
PGCs can respond to a Dpp signal [4]. However, PGCs cysts, although less so than nos mutants (Figure 2B,
arrow). Gonads that were mutant for both nos and pumhave not been shown to require Dpp in larval gonads.
We found that abolishing Dpp signaling in PGCs by did not contain more cysts than gonads that were mu-
tant for nos alone (data not shown). Because the allelesoverexpression of the negative regulator Daughters
against Dpp (Dad) or mutations in thickveins (tkv), the that we used were very strong, this suggests that nos
and pum function together in the repression of PGCDpp type I receptor, induced differentiation of PGCs
(Figure 1D). 16-cell cysts were observed already at LL2 differentiation.
In adult ovaries, the differentiation of cysts requires(48 hr after hatching, data not shown), suggesting that
PGCs began differentiation shortly after the end of em- Bam, and increasing amounts of Bam are present during
each subsequent mitotic division [8, 21]. We used abryogenesis. Oocyte determination was detected in LL3
gonads, as indicated by accumulation of Orb, an oocyte reporter construct of GFP under control of the bam pro-
moter to follow bam expression in the larval cysts [22].marker, in one cell of the cyst (Figure 1E, arrowheads).
To further explore the requirement for Dpp within We found that cysts in nos ML3 larval gonads also ex-
pressed higher amounts of GFP as compared to singleGSCs, we asked whether we could detect Dpp signaling
directly in larval PGCs by monitoring the accumulation PGCs (Figure 2C). As in adults, the intensity of GFP
labeling corresponded to the developmental state ofof its target, phosphorylated Mad (pMad) in PGCs [16].
We observed that in larval gonads all PGCs accumulate the cyst. In addition to precocious differentiation, nos
mutant germ cells displayed aberrations in the shapepMad in the nucleus (Figure 1F), suggesting that during
larval development all PGCs receive a Dpp signal that of the branched fusome (not shown) and increased
amount of small fusomal material as compared withactively represses their differentiation. In the adult, only
germ line cells close to the niche contain significant wild-type (Figure 2E, arrowheads). We conclude that
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Figure 2. Pum and Nos Are Required to Re-
press PGC Differentiation
Larval gonads were stained with 1B1 (red)
and with (A, B, D, E) anti-Vasa (green). (A, B)
LL3 nos-mutant gonads (A) had more cysts
than LL3 pum-mutant gonads (B). (C) Differ-
entiating nos mutant cysts of ML3 larvae car-
rying GFP (green) fused to the bam promoter
expressed increasing amounts of GFP as
cysts matured (compare a 2-cell cyst, arrow,
with a 4-cell cyst, arrowhead). (D, E) Com-
pressed Z-sections of wild-type LL3 (D) and
nos mutant ML3 (E) gonads. Many small frag-
ments of fusomal material appear in nos mu-
tants (arrowheads). The scale bar in (A) repre-
sents 20 m for (A–C). (D and E) The scale
bar represents 5 m.
both Nos and Pum, which are required for GSC mainte- observed in nos and pum mutants and with the death
of nos cysts in pupal ovaries, which may be the causenance, are also required to repress PGC differentiation.
To further test for a possible partnership between nos of the empty ovarioles observed in adult nos females
[7, 19]. Our results and the previously reported pheno-and pum in GSC maintenance, we examined the time
at which nos or pum mutant germ line clones, generated types of nos and pum suggest that these genes are
continually required throughout germ cell life. In the em-by the FLP-FRT method, were eliminated from the adult
ovary (Figure 3). In wild-type, clones of unmarked GSCs bryo, nos and pum are required for correct migration,
transcription, and viability [23–25]. During larval stages,were induced in about 25% of the ovarioles and that
percent decreased only slightly during the course of the they are required for the repression of PGC differentia-
tion (this study and [7]) and, in the adult, for the mainte-experiment, probably due to the natural rate of GSC
loss [12]. nos and pum mutant GSCs, on the other hand, nance and viability of GSCs as well as for the viability
of differentiating cysts [19, 20, 26].were lost rapidly. GSC loss was observed as early as 4
days after clone induction, and by the 6th or 7th day, most
ovarioles did not contain a mutant GSC. The striking
nos Mutant Germ Cells Can Respond to Dppsimilarity in the profiles of nos and pum GSC loss there-
The targets of Nos and Pum within GSCs remain elusive,fore suggests that these genes also function together
and the relationship of these ‘intrinsic’ GSC mainte-within GSCs.
nance factors to the ‘extrinsic’ Dpp signal is unclear.As of the fifth and sixth day after clone induction, we
To test if Dpp could function partly through Nos, wefound that many nos mutant cysts were eliminated from
examined the Nos expression pattern in wild-type andthe ovary. These results agree with the death of cysts
in tkv–mutant GSCs. In wild-type germaria Nos was ex-
pressed at intermediate levels in GSCs and their immedi-
ate daughters (Figure 4A, arrowheads), at very low levels
during mitotic divisions of the cyst, and at very high
levels in a fraction of the 16-cell cysts (Figure 4A, arrow).
This expression pattern was unchanged in tkv–mutant
germ cells (Figures 4B, 4C, arrowheads). Similar results
were obtained for larval PGCs; Nos was expressed at
intermediate levels in wild-type and tkv mutant PGCs
(Figure 4D, arrowhead), at lower levels in cysts undergo-
ing mitosis (Figure 4D, arrow), and at very high levels in
16-cell cysts (data not shown). This suggests that Nos
expression is independent of Dpp signaling.
Next, we tested whether nos is required for Dpp func-
tion, by analyzing nos mutant PGCs that were overex-
Figure 3. pum and nos GSCs Are Similarly Eliminated from the Niche
pressing either Dpp or TkvQD, a constitutively activated
Germ line clones mutant for the alleles indicated were induced in form of Tkv. In nos mutant control gonads, fragmented
adult females by the FLP-FRT method (Experimental Procedures)
fusomal material as well as branched cysts could beon day zero. Females were dissected on days 3–6 and the ovaries
observed (Figure 5A). The spherical fusome within noswere examined for the presence of mutant GSCs. Results are pre-
sented as the percentage of ovarioles that carry a mutant GSC. mutant germ cells remained small or fragmented in nos
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show that PGCs, which are mutant for nos, can still
respond to a Dpp signal, which keeps them in an undif-
ferentiated state.
Conclusions
During larval stages, PGCs proliferate rather than differ-
entiate. We have shown that the translational repressors
Nos and Pum are required to repress PGCs differentia-
tion during larval stages. We also show that the Dpp
pathway functions in a similar manner. Both pathways
are also required for GSC maintenance. The fact that
the spherical fusome remains abnormal in nos mutant
gonads even when Dpp is overexpressed may suggest
that some of Nos function is downstream of Dpp. How-
ever, our Nos expression data and the fact that Dpp
signaling can prevent nos mutant PGCs from differentia-
tion are more compatible with the Nos pathway playing
a role upstream or in parallel to the Dpp pathway. It
remains unclear how these pathways converge within
germ cells.
Germ cells may perceive a Dpp signal from the mo-
ment they form at the posterior pole of the embryo until
Figure 4. Nos Expression Is Independent of Dpp Signaling they differentiate to form cysts [12]. Indeed, pMad is
For all adult ovarioles, the anterior is on the left. (A) Wild-type ovariole present in embryonic pole cells, larval PGCs and adult
stained with anti-Nos (red) and 1B1 (green). GSCs and their immedi- GSCs [17, 18, 27]. We have shown that Dpp signaling
ate daughters (arrowheads) had intermediate levels of Nos, whereas is not only necessary for GSC maintenance but also
a fraction of 16-cell cysts (arrow) expressed very high levels of Nos.
required continually through larval stages to actively(B–D) Flies of the genotype hsflp22 ; FRT40,nls-GFP/FRT40,tkv7 were
repress PGC differentiation. Thus, the larval ovary func-heat shocked to induce tkv clones, which were recognized by lack
tions in a similar manner to the adult niche with regardof GFP (green). (B and C) Mutant GSCs (4B, arrowhead) or cysts
(4C, arrowhead) expressed Nos protein (red) similar to wild-type. to Dpp-mediated repression of differentiation. During
Fusomes are marked by 1B1 (blue). (B inset) Only Nos and 1B1 the third-larval instar, the adult somatic niche forms,
staining is shown. (D) In ML3 larval ovaries, tkv mutant PGCs and and repression of PGC differentiation may then become
cysts were recognized by lack of nuclear GFP (green). 1B1 staining limited to the small area of the adult ovary, allowing
(also green) was distinguished from GFP, because the nucleus is
PGCs outside the confinement of the niche to differen-much larger than the spherical fusome. A tkv mutant PGC (arrow-
tiate.head) expressed Nos protein (red), whereas a 2-cell cyst (arrow)
Repression of PGC differentiation is required for abouthad reduced levels of Nos, similar to wild-type. The scale bar in (A)
represents 20 m for (A–C). The scale Bar in D represents 20 m. 4 days, from the end of embryogenesis to the beginning
of pupa formation, whereas GSCs are maintained in the
adult for many days [5, 12]. Differences between the
gonads overexpressing Dpp. Most strikingly, single “short-term” and the “long-term” repression of differen-
PGC/GSC like germ cells accumulated in these gonads, tiation may yet be found. However, all the genes we
tested, dpp, bam, nos, and pum, function similarly inand no cysts could be found (compare Figure 5A, B).
GSCs and PGCs. This similarity suggests that there mayThus, although increased Dpp signaling cannot fully
not be a clear transition from a “dividing” PGC to a “self-counteract the nos phenotype, it does prevent preco-
renewing” GSC.cious differentiation of nos mutant PGCs. Similar results
were obtained with PGCs expressing TkvQD. In most
Experimental Proceduresgonads no cysts could be observed, although occasion-
ally a small branched fusome could be detected, sug- Fly Strains
gesting that Dpp signaling acts directly on PGCs, rather Two nos alleles, nos18 and nos53, that have strong oogenesis pheno-
types were used [28]. The trans-heterozygous combination of nos18than via a secondary signal (Figure 5C). Our genetic data
Figure 5. Nos Is Not Required for Dpp Sig-
naling
(A–C) LL3 larval gonads were stained with
anti-Vasa (green) and 1B1 (red). (A) Control
nos mutant ovaries that carried UAS-tkvQD,
but lacked the driver nos-Gal4, formed cysts
with branched fusomes (arrowheads). When
either UAS-dpp (B) or UAS-tkvQD (C) were ex-
pressed in nos mutant PGCs with nos-Gal4,
no cysts were observed and each germ cell
had a spherical fusome. The scale bar in (A)
represents 20 m for (A–C).
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Note Added in Proof
In a recent study, Kai and Spradling show that induction of cysts
in larvae by a treatment of hs-bam, which is milder than the one we
used, is reversible. The study shows that cysts in early stages of
differentiation can revert to PGCs or GSCs (Kai, T., and Spradling,
A. (2004) Differentiating germ cells can revert into functional stem
cells in Drosophila melanogaster ovaries. Nature 428, 564-569). To-
gether with our work, this suggests certain fluidity between PGCs/
GSCs and early differentiating cysts, and underlines the importance
of constant somatic control of germ line development.
